Electrically conductive hydrogel composites consisting of oligo(polyethylene glycol) fumarate (OPF) and polypyrrole (PPy) were developed for applications in nerve regeneration. OPF-PPy scaffolds were synthesized using three different anions: naphthalene-2-sulfonic acid sodium salt (NSA), dodecylbenzenesulfonic acid sodium salt (DBSA), and dioctyl sulfosuccinate sodium salt (DOSS). Scaffolds were characterized by ATR-FTIR, XPS, AFM, dynamic mechanical analysis, electrical resistivity measurements, and swelling experiments. OPF-PPy scaffolds were shown to consist of up to 25 mol% polypyrrole with a compressive modulus ranging from 265 to 323 kPa and a sheet resistance ranging from 6 to 30 × 10 3 Ohms/square. In vitro studies using PC12 cells showed OPF-PPy materials had no cytotoxicity and PC12 cells showed distinctly better cell attachment and an increase in the percent of neurite bearing cells on OPF-PPy materials compared to OPF. The neurite lengths of PC12 cells were significantly higher on OPF-PPy NSA and OPFPPy DBSA . These results show that electrically conductive OPF-PPy hydrogels are promising candidates for future applications in nerve regeneration.
Introduction
The frequency and disability associated with both spinal cord and peripheral nerve injuries have resulted in a rapidly advancing field to regenerate damaged nerves. The gold standard treatment for segmental nerve loss utilizes autografts, although they have significant limitations, including acquiring adequate lengths and sizes of the necessary donor nerve and misalignment of the complex neurological anatomy that comprises the nerve [1] [2] [3] [4] . The combination of these limitations often prevents full functional recovery from a segmental nerve injury. As such, synthetic materials provide an attractive alternative therapy. Synthetic scaffolds can be engineered to possess the desired dimensions, mechanical properties, and degradation profiles. Techniques incorporating stimuli into polymeric scaffolds to stimulate nerve regeneration has become increasingly important in this field of research. Stimuli can include topological [5] [6] [7] , biological 8, 9 , chemical, or electrical cues 10, 11 .
Electrical stimulation has been gaining increasing attention as studies over the last decade show intermittent electrical stimulation increases neurite and axon extension in vitro 12 and nerve regeneration in vivo 13 . However, incorporating electrically conductive materials into the biomaterials field remains limited, due to their poor mechanical properties, nondegradability, and difficulty to process into complex three dimensional structures [14] [15] [16] [17] [18] [19] . Polypyrrole, the most extensively studied electrically conductive polymer for application in nerve guidance conduits, lacks the mechanical properties necessary for robust biomaterial applications. This fact has driven the development of hybrid materials that utilize a host polymer that possesses the desired physical material properties for the bulk composition, while an electrically conductive polymer is a minor component and adds electrical conductive properties to the resulting materials. Recently a number of different polypyrrole composite materials have been developed specifically for nerve regeneration applications. These have included composite materials where the bulk polymer consists of polycaprolactone, poly(lactic-co-glycolic acid), poly(ethyl cyanoacrylate), chitosan, or poly(caprolactone fumarate) 7, [20] [21] [22] . A recent review by Guiseppi-Elie highlights the recent advances in the field of electrically conductive hydrogel composite materials 23 . Other potential routes for incorporating electrical conductive properties into biomaterials include the use of conductive nanoparticles or carbon nanotubes, however, they have shown extensive in vivo toxicity associated with the size and functional groups of the nanotubes [24] [25] [26] [27] [28] [29] .
Recently, we reported the synthesis and fabrication of a composite material consisting of polycaprolactone fumarate (PCLF) and polypyrrole (PPy) 30 . These materials were interpenetrating networks of PCLF and PPy, and shown to maintain the physical properties of PCLF while adding the electrical conductivity of PPy to the scaffold. In this work, we extend this methodology to the oligo(polyethylene glycol fumarate) (OPF) hydrogel [31] [32] [33] [34] . OPF hydrogels are synthesized by reaction of fumaryl chloride and polyethylene glycol. The resulting OPF (shown in Figure 1 ) can be cross-linked by free radical polymerization of the fumarate groups throughout the OPF chain. The cross-linked OPF hydrogel which is insoluble in water allows polymerization of PPy (shown in Figure 1 ) within its network by means of radical initiation. The chemical synthesis approach to OPF-PPy materials reported here differs from previous hydrogel-PPy composite materials synthesized by electropolymerization techniques. A recent example reported by Justin et al. demonstrated the electropolymerization of pyrrole through poly(hydroxymethylacrylate) based hydrogels 35 . The resulting materials exhibited a resistance ranging from 5-137 kΩ depending whether PPy was in the oxidized or reduced state. Many previous examples of hydrogel-PPy composite materials have been developed for biosensor [35] [36] [37] [38] [39] [40] and neural prosthetic [41] [42] [43] [44] applications. The intended application of the resulting OPF-PPy materials from this study is as nerve guidance conduits. Therefore these materials require significantly larger sizes than an electrode with a thin hydrogel coating as is the case for biosensors and neural prosthetics devices. Additionally, polymeric nerve conduits lack an electrode within the conduit from which pyrrole can be polymerized. Therefore the chemical synthesis of PPy is well suited for the challenges of producing electrically conductive nerve conduits. In fact, other examples using poly(lactic-co-glycolic acid), chitosan, or polycaprolactone fumarate polymeric nerve conduits have used the chemical synthesis approach to incorporate PPy 7, 14, 21, 22 .
The synthesis of polypyrrole requires the inclusion of anions (Chemical structures shown in Figure 1 ) that stabilize the positive charge that forms the conductive species of polypyrrole. The three anions used for the synthesis of PPy included naphthalene sulfonic acid, dodecyl benzene sulfonic acid, and dioctyl sulfosuccinate. These anions were chosen because the resulting PPy materials typically exhibit high conductivity, and previous work has shown they are compatible for biomaterial applications 22 .
The OPF hydrogel in the OPF-PPy composites is a biodegradable hydrogel that is photo or chemical cross-linkable with tunable material properties through polymer synthesis and cross-linking. Hydrogels are important biomaterials because they are composed of more than 80% water and therefore can closely resemble the physiological environment while allowing nutrient and waste diffusion into or out of the regeneration site. OPF has previously been investigated for multiple tissue engineering applications from drug delivery, to cartilage, to nerve regeneration 33, 34, [45] [46] [47] [48] , and has now been extended to include a conductive polypyrrole composite material. The resulting OPF-PPy composite materials are the first electrically conductive polypyrrole composite hydrogel intended for use as a nerve conduit.
Materials and Methods

Materials
All materials were purchased from Sigma or Fisher and used as is unless otherwise noted.
Fabrication of oligo(polyethylene glycol) fumarate scaffolds
Oligo(polyethylene glycol) fumarate (OPF) was synthesized as previously reported [32] [33] [34] . OPF (1.0 g), N-vinylpyrolidinone (300 μL) and distilled water (950 μL) were heated gently while mixing. Irgacure 2959 photo-initiator (750 μL at 6 mg mL −1 ) was added to the OPF solution and vortexed to ensure a homogenous mixture. The solution was poured into glass molds separated by Teflon spacers to form films of 0.5 mm thickness. The OPF was crosslinked by irradiation with UV light (λ = 315-380nm) for 1 hour. OPF hydrogels were then submerged in water overnight to remove residual impurities, and then dried under vacuum. Cross-linked disks of OPF were punched from the film with diameters of 5 mm using a cork borer and used as is.
Synthesis of oligo(polyethylene glycol) fumarate-polypyrrole composite materials
OPF disks were submerged in a solution of benzoyl peroxide (2.0 g, 8 mmol) in 10 mL methylene chloride for 5 min, then dried under vacuum to remove the methylene chloride leaving benzoyl peroxide occluded within the OPF disk. An aqueous solution containing pyrrole (0.4 M) and dodecylbenzenesulfonic acid sodium salt (DBSA) (0.09 M) was cooled to 0°C. The molar equivalent of DBSA was used for the synthesis of other OPF-PPy materials containing dioctyl sulfosuccinate sodium salt (DOSS) or naphthalene-2-sulfonic acid sodium salt (NSA). OPF disks were submerged in the aqueous pyrrole solutions and stirred for 12 hours. The resulting black films were then removed from the aqueous solution, rinsed extensively with water, and swelled in methylene chloride three times and then acetone twice to remove residual impurities. The resulting composite films were subsequently dried and used as is. In this manuscript scaffolds will be referred to as OPFPPy materials when addressing general properties of the materials, and as OPF-PPy anion when discussing specific polymer samples.
X-ray photoelectron spectroscopy (XPS)
The surface elemental composition of OPF-PPy was characterized on a custom-designed Kratos Axis Ultra XPS system. A complete description of the instrument is given elsewhere 49 . Briefly, the surface analysis chamber is equipped with a monochromated 1486.6 eV aluminum K α source having a 500 mm Rowland circle silicon single crystal monochromator. The typical X-ray gun settings were 15 mA emission current at an accelerating voltage of 15 kV. Low energy electrons were used for charge compensation to neutralize the sample. Survey scans were collected using the following instrument parameters: energy scan range of 1200 to -5 eV; pass energy of 160 eV; step size of 1 eV; dwell time of 200 ms and X-ray spot size of 700×300 μm. High resolution spectra were acquired in the region of interest using the following experimental parameters: 20 to 40 eV energy window; pass energy of 20 eV; step size of 0.1 eV and dwell time of 1000 ms. The absolute energy scale was calibrated to the Cu 2p 2/3 peak binding energy of 932.6 eV using an etched copper plate. A magnetic lens, mounted below the sample, combined with the electrostatic lenses, was used to focus the scattered electron beam from the surface. A hemispherical sector analyzer (HSA) was used to analyze the electron kinetic energy, while a delay-line detector measured the electron count.
All spectra were calibrated using the adventitious carbon 1s peak at 285.0 eV. A Shirleytype background was subtracted from each spectrum to account for inelastically scattered electrons that contribute to the broad background. Commercially available CasaXPS software was used to process the XPS data 50 . Transmission corrected relative sensitivity factor (RSF) values from the Kratos library were used for elemental quantification, as implemented into CasaXPS. The components of the peaks contain a Gaussian/Lorentzian product with 30% Lorentzian and 70% Gaussian character. An error of ±0.2 eV is reported for all peak binding energies.
Attenuated total reflectance fourier transform infrared spectroscopy (ATR-FTIR)
The chemical compositions of dry OPF and OPF-PPy composite materials were characterized on a Nicolet 8700 FTIR spectrometer. All spectra were collected using a germanium ATR crystal at a resolution of 4 cm −1 at 1000 cm −1 with a minimum of 64 scans.
Swelling measurements
OPF and OPF-PPy disks were dried under vacuum after fabrication. The dried scaffolds were weighed (Wd) and then submerged in distilled water for 24 hours to allow the hydrogel to equilibrate. The swollen gels were blotted to remove excess water from the surface and weighed (Ws). The swelling ratio was calculated as W s /W d , where W s is the weight after swelling and W d is the dry weight.
Atomic force microscopy (AFM)
Atomic force microscopy images were taken using Asylum Research MFP-3D instrument. NSC15-AlBS cantilevers from MikroMasch with typical resonant frequency of 315 kHz and typical force constant of 40 N/m were used in all experiments. Samples were fixed to a glass slide by the epoxy glue. Images were acquired in air using alternating current (AC) method.
Surface resistivity
Surface resistivity of PPy-OPF composite materials were measured by placing two gold electrodes on hydrated hydrogel films separated by 0.2 mm. The electrical resistivity was measured with a Fluke 73 multimeter. The sheet resistance was calculated using the equation R s = R × W/L, where R s is the sheet resistance, R is the measured resistance, W is the width of the samples, and L is the length between electrodes 7, 51 .
Compressive modulus
Hydrogels were cast into thin sheets and were swollen in distilled water 24 hours prior to compression testing. Disks of 6.0 × 2.0 mm (diameter × thickness) were punched from swollen films and excess water was blotted dry from the surface. The samples were tested on a TA instruments DMA 2980 in compression mode. The force was ramped from 0-18 N at a rate of 2 N min −1 with a preload force of 0.2 N. The compressive modulus was determined from the linear portion of the stress vs. strain curve between 10 to 20% strain.
Cytotoxicity of OPF-PPy composite materials
PC12 cells (ATCC) were seeded at a density of 20,000 cells cm −2 in 12-well plates 24 hours prior to the addition of hydrogels. PC12 cells were maintained in Dubelco's Modification of Eagle's Medium (DMEM) (Mediatech) supplemented with 10% horse serum, 5% fetal bovine serum, and 0.5% streptomycin/penicillin. Transwells with a mesh size of 8 μm containing the hydrogels were placed in the wells with the hydrogels completely submerged in the media. After 1, 3 and 7 days, the transwells containing the hydrogels were removed and the cell numbers were quantified using the MTS assay (CellTiter 96, Promega, Madison, WI) following the manufacturer's instructions.
Attachment of PC12 cells on OPF-PPy materials
OPF-PPy composite materials were fabricated into disks with diameters of 1.1 cm and placed in a 24 well plate. The scaffolds were disinfected in 70% ethanol for 30 minutes and then rinsed several times with sterile PBS. Autoclaved medical grade silicon tubing was inserted into the wells to limit the surface area of the hydrogel disk to a diameter of 0.95 cm with a surface area of 0.71 cm 2 . The well was filled with culture media and incubated for 12 hours to remove any remaining impurities. PC12 cells were plated onto the surface at a density of 30,000 cells cm −2 . Experiments were performed with nerve growth factor (NGF) supplemented media at a concentration of 50 ng mL −1 . Cell viability was determined using MTS assay (Promega) with the following adjustments. Cells were first trypsinized by adding 1mL trypsin to each well and then aspirating the trypsin followed by incubation at 37°C for 10 min. The cells were gently dislodged from the surface with a cell scraper and transferred to a new well in 0.5 mL media. This step was critical to eliminate any polypyrrole material from transferring as polypyrrole interferes with the MTS assay. Then 0.1 mL of MTS was added to the new well containing the transferred cells and gently mixed. Cells were then incubated for 2 h at 37°C before transferring 100 uL to a 96 well plate. The absorbance was measured at 490 nm on a Molecular Devices Spectramax plate reader.
PC12 cell morphology
Hydrogel disks with PC12 cells were fixed in 2% paraformaldehyde in PBS for 25 min, then washed with PBS three times. Cells were permeablized in 0.1% Triton 100X for 3 min and then incubated in 10% horse serum in PBS for 1 h. Cells were stained in 1% rhodium phalloidin in 5% horse serum in PBS for 1 h and then washed with PBS three times. Disks were stained with DAPI prior to mounting on a glass cover slip. Samples were imaged on an LSM 510 inverted confocal microscope and imaged at an excitation wavelength of 368 and 488 nm. 300 cells were analyzed for neurite extension using the NIH software Image J. Only neurites that were 5 μm or longer were counted.
Statistical analysis
Experiments were performed with triplicate specimens and results are reported as means ± standard deviations. Single factor analysis of variance (ANOVA) was performed (StatView, version 5.0.1.0, SAS Institute, Inc, Cary, NC) to assess the statistical significance of the results. When the global F-test was positive at the 0.05 level, Bonferroni's method was used for multiple comparison tests to determine differences among the experimental groups. Figure 1 shows chemical structure of OPF and PPY as well as DBSA, NSA and DOSS used as dopants in this study. OPF-PPy materials were synthesized by first fabricating crosslinked hydrogel scaffolds composed of OPF. These scaffolds can be fabricated into complex structures with various dimensions via injection molding followed by photo-cross-linking upon UV exposure. OPF can be photo or chemically cross-linked, however, photo crosslinking yields more consistent results because of the ability to form homogenous mixtures that do not partially cross-link before injection and are completely cross-linked upon UV exposure.
Pyrrole was polymerized in cross-linked OPF by first submerging the OPF scaffolds in a solution of benzoyl peroxide dissolved in methylene chloride. In this step benzoyl peroxide, the initiator for polymerization of pyrrole, diffuses into the OPF scaffold as it swells in the methylene chloride solution. The methylene chloride is then evaporated under vacuum, leaving benzoyl peroxide occluded within the OPF scaffold. These OPF scaffolds loaded with benzoyl peroxide are then submerged in aqueous of pyrrole and the anion. In this step pyrrole and the dopant diffuse into the OPF scaffold as the hydrogel swells in the water. However, benzoyl peroxide does not diffuse out, but remains in the scaffold because it is not soluble in water. Therefore, as pyrrole diffuses into the OPF it is rapidly polymerized by the benzoyl peroxide initiator resulting in OPF-PPy composite materials. These composite materials are composed mainly of OPF. This approach overcomes many synthetic and biological challenges associated with polypyrrole alone; including processing difficulties, poor mechanical properties, and non-biodegradability.
Because OPF-PPy composite materials were cross-linked before synthesizing PPy, final characterization of the OPF-PPy scaffolds relied on ATR-FTIR, XPS, and AFM. After polymerization of pyrrole in OPF, the incorporation of PPy was visually apparent. The OPF scaffold turned from white to characteristic black of PPy and was electrically conductive. OPF-PPy composite materials were first characterized by ATR-FTIR to qualitatively show the presence of PPy in OPF. Figure 2 shows clear peaks present in OPF-PPy materials that are absent in the OPF spectra. An absorption band at 1550 cm −1 is characteristic of pyrrole ring skeletal stretches and a strong absorption band present at 750 cm −1 is attributed to C-H stretches and overlaps with the S-O stretch from the sulfonate anions that occur from 690-900. In addition, absorption bands present at 1200 cm −1 are attributed to C-N stretching, and 1030 cm −1 are C-H vibrations 52 .
XPS was used to quantify the atomic composition of the OPF-PPy surface and the results are shown in Table 1 and Figure 3 . OPF composition was 73% C, 26% O, and 1% N. The nitrogen incorporation was from copolymerization of OPF with N-vinyl pyrrolidinone, and no N + species was detected. OPF-PPy composite hydrogels show large increases in nitrogen composition ranging from 5.07 to 6.34. These percents correspond to PPy incorporation of up to 25 percent into OPF-PPy scaffolds. The N + component of PPy can be seen in Figure 3 as the peak at 402 eV. The N + component corresponds to the percent of polypyrrole in the electrically conductive state. The typically doping level of polypyrrole ranges from 20-40% 53 . XPS characterization shows OPF-PPy composite materials incorporated PPY that possess a doping level of 20.0 to 29.4%, which is the range expected for PPy. The XPS data also shows that 1.3 to 1.8 atomic percent sulfur was detected from the anion. These values correlate well with the theoretically expected amount based on 5.07 to 6.34 atomic percent nitrogen and 20 to 29.4 percent doped as indicated by the N + species.
The swelling ratios of the hydrogels were compared by measuring the weight increase of the swollen hydrogels and are shown in Table 1 . OPF-PPy hydrogels swelling ratios ranged from 6.4 to 6.8 and all were significantly lower (p<0.05) from 7.8 for OPF. This decrease in swelling is due to the introduction of polypyrrole into the hydrogel matrix. The differences between OPF-PPy NSA , OPF-PPy DBSA , and OPF-PPy DOSS should be affected by the amount of PPy incorporated, but may also be influenced by the anion choice. No significant differences in the swelling ratio between different OPF-PPy groups were observed.
The sheet resistance of OPF-PPy scaffolds were measured by a four point probe and found to range from 6,000 to 33,000 Ω/sq. The measured resistance places these composite materials in the semiconductor range, which is lower than pure polypyrrole, but sufficient for application in biological systems and similar to other composite materials synthesized using polypyrrole 7, 14, 54 such PPy coated PLGA.
The compressive modulus of OPF and OPF-PPy materials were measured to determine the effect of incorporating PPy on the scaffold mechanical properties and the results are shown in Figure 4 . Because hydrogels are composed mostly of water, they generally have a low compressive modulus. OPF was measured to be 191 ± 9 kPa. Incorporation of PPy increased the compressive modulus of the materials by 40-70%, with OPF-PPy DBSA , OPF-PPy NSA , OPF-PPy DOSS increasing to 265 ± 30 kPa, 311 ± 36, and 323 ± 30 kPa respectively. Statistical analysis showed that all OPF-PPy scaffolds had significantly higher compressive modulus (p<0.05) than OPF, however no significant differences were observed between different OPF-PPy scaffolds. In vitro studies were performed with PC12 cells to test for toxicity and cell attachment to the OPF-PPy materials. Cytotoxicity of leaching material was tested using a non contact cell toxicity experiment where PC12 cells were cultured in polystyrene tissue culture plates and the hydrogels were suspended above the cells via transwells. Cell numbers were analyzed at days 1, 3 and 7 for toxicity from residual materials leaching from the scaffolds and the results are shown in Figure 6 . Cells cultured in the absence of hydrogel materials were used as the positive control. No toxicity from any OPF-PPy material was observed.
In vitro studies comparing the cell attachment and proliferation of PC12 cells on tissue culture polystyrene (TCP), OPF-PPy, and OPF materials were also performed. Cell numbers were quantified using the MTS assay ( Figure 7) . To use the MTS assay the cells were trypsinized from the surface of the OPF-PPy scaffolds to prevent interaction of the hydrogel scaffold with the MTS dye. The formazin dye in MTS contains a negatively charged sulfonate group that can interact with polypyrrole resulting in low absorbance values. Removal of cells from the scaffold before application of the MTS dye solved the problem. The MTS assay shows PC12 cells cultured on OPF-PPy materials are able to attach in equal numbers to the TCP and OPF, with no difference observed between materials at day 1. By day 7, significant differences in the number of cells attached to the different materials can be observed. Fewer cells were observed on OPF materials compared to all OPF-PPy materials. This may have been a result of differences in surface topography as OPF-PPy materials have a granular surface structure. The difference could also be due to differences in chemical composition of the scaffolds.
Morphology and neurite extension from PC12 cells were characterized by fluorescence microscopy. F-actin formation and cytoskeleton organization of PC12 cells were stained with rhodium phalloidin and DAPI was used for nuclei counter staining. Differentiating PC12 cells cultured in the presence of nerve growth factor exhibit neurite extension from the cell body. Figure 8 shows PC12 cells did not attach well to the surface of OPF. These PC12 cells had round morphologies and did not show extending neurites. However, PC12 cells on OPF-PPy materials had elongated cell bodies with some neurites extending 50 μm or farther from the cell bodies indicative of a differentiating mode.
The neurite extension from PC12 cells after 24 h is quantified in Figure 9a -c. Figure 9a shows the percent of neurite bearing cells, the trend indicates that PPy incorporation increased the percent of neurite bearing cells. PC12 cells cultured on OPF-PPy NSA and OPF-PPy DOSS had 74 ± 1 and 56 ± 7 percent of cells bearing neurites. This is a significant increase (p<0.05) over OPF that had 36 ± 5 percent neurite bearing cells. OPF-PPy DBSA had 50 ±11 percent and was not significantly higher than OPF, but was significantly lower (p<0.05) than OPF-PPy NSA . Figure 9b shows the average number of neurites per neurite bearing cell. Because the significant difference in the percent of neurite bearing cells, only cells with neuritis were considered to determine the average neurite number. Figure 9b indicates that the trend that PPy incorporation slightly increases average neurite number for all materials. However, only OPF-PPy DBSA shows a significant increase over OPF from 1.5 ± 0.25 to 2.5 ± 0.5 neurites per cell. The PC12 neurite length distribution is shown in Figure  9c . Both OPF-PPy NSA and OPF-PPy DBSA show dramatically different distributions from both OPF and OPF-PPy DOSS . OPF-PPy DOSS and OPF have 79% and 76% of extending neurites shorter than 20 μm, while only 38% and 49% of PC12 neurites cultured on OPFPPy NSA and OPF-PPy DBSA are shorter than 20 μm. Also, the percent of PC12 cells with 50 μm or longer neurites are 19% and 9% when cultured on OPF-PPy NSA and OPF-PPy DBSA , but only 1.3% and 2.8% when cultured on OPF and OPF-PPy DOSS respectively.
Discussion
Incorporation of electrically conductive materials into tissue engineering approaches, and specifically for nerve regeneration, is a rapidly developing area in tissue engineering. Recently we reported the synthesis of a polycaprolactone fumarate-polypyrrole (PCLF-PPy) composite material that exhibited electrically conductive properties. We also showed improved cell attachment and neurite extension on the surface of these conductive hydrogels. Because of the importance of hydrogels in tissue engineering we used the methodology from the previous work to synthesize an electrically conductive hydrogel for nerve regeneration applications. Hydrogels are a unique class of materials in tissue engineering. Because they are composed mostly of water, they allow diffusion of nutrients through the cross-linked polymeric network, and can mimic the physiological environment.
In this study, OPF based hydrogels were chosen to make PPy composite materials because the material has been thoroughly investigated for application in tissue engineering [31] [32] [33] [34] 46 . One particular analog of OPF is positively charged through incorporation of a quaternary amine that has been shown to increase cell attachment to OPF 46 . This positively charged hydrogel has also been shown to be a promising candidate material for application in spinal cord injury. Although OPF hydrogels contain high percentages of water they do not exhibit any measureable electrical conductivity even when swollen with water. However, combining PPy with OPF produces an electrically conductive hydrogel. This technique allows rapid introduction of polypyrrole into complex three-dimensional scaffolds and overcomes many limitations associated with fabrication of conducting polymers and increases the versatility of incorporating polypyrrole into biomaterials.
XPS characterization shows 5.1 to 6.3 atomic percent nitrogen is present in the final OPFPPy composite materials. One percent of this was originally present from use of N-vinyl pyrrolidinone used during cross-linking of OPF. Therefore, 4.1 to 5.3 atomic percent nitrogen is from pyrrole and corresponds to roughly 20.5 to 26.5 mole percent PPy incorporated into the scaffolds.
To determine the effect incorporation of PPy has on the swelling properties of OPF, the swelling ratio of OPF-PPy hydrogels were measured and compared to OPF. The swelling ratio of OPF-PPy hydrogels decreased by 15-20 percent compared to OPF. This decrease is from the hydrophobicity and poor solubility of polypyrrole attributed to the strong pi-pi interactions of polypyrrole. The differences in swelling behavior between OPF-PPy scaffolds is minimal and may be caused by differences in the amount of PPy incorporated into the scaffolds or subtle differences in the anion incorporated. The sheet resistance of OPF-PPy scaffolds was in the range of 6000 to 33000 Ω/sq, which puts these materials in the category of semiconducting materials. The OPF-PPy materials resistance is much higher than that of pure polypyrrole which can be lower 0.1 Ω/sq, however it is in the same range as other PPy composite materials. For instance PPy coated PLGA nanofibers synthesized by Lee et al exhibited a surface resistance of 24,000 Ω/sq, which electrical current was able to be passed through in order to stimulate neurite extension 7 .
The compressive modulus of OPF scaffolds increased after incorporation of PPy. The compressive modulus of hydrogel scaffolds is influenced by the amount of water taken up by the scaffold. Typically the compressive modulus lowers as the percent water taken up increases. Therefore the increase in compressive modulus of OPF-PPy materials from OPF is likely caused by decreased water absorption of OPF-PPy scaffolds compared to OPF, and not from the mechanical properties of polypyrrole itself strengthening the scaffold. The trend in Table 1 and Figure 4 shows that OPF-PPy DOSS scaffolds exhibited the highest modulus and the lowest swelling ratio. OPF-PPy DBSA or OPF-PPy NSA had similar swelling ratios and compressive modulus though no significant differences were observed between different OPF-PPy mechanical properties or swelling ratios.
In vitro studies using PC12 cells were used to evaluate the three OPF-PPy materials with different anions. The different anions were chosen based on the fact that they are commonly used to dope PPy and are important factors in the resulting conductive nature of PPy 53 . Also, our previous work with PCLF-PPy composite materials synthesized with NSA, DBSA, and DOSS exhibited the most favorable material properties and conductivities 22 , it therefore seemed logical to start with these three anions because they had favorable interactions in the previous study.
PC12 cells are an immortalized cell line isolated from a neuroendocrine tumor in the rat adrenal medulla 55 . PC12 cells are a good in vitro model for neuronal tissue because they stop proliferating and differentiate into the neuronal phenotype upon application of nerve growth factor. Additionally, they are commonly used to evaluate materials for neuronal tissue compatibility and there is vast literature precedence using them. PC12 cells were first used to evaluate cytotoxicity from residual starting materials used in the synthesis of OPFPPy scaffolds. Potential toxicity can result from residual pyrrole monomer, anions, or benzoyl peroxide used during the polymerization of pyrrole. Extensive purification of the samples by swelling in methylene chloride, acetone, and ethanol was preformed to remove these impurities. After purification no toxicity was exhibited from any OPF-PPy materials.
Secondly, PC 12 cells were used to determine which OPF-PPy hydrogels promote the most favorable cellular response. This information will be important in future studies that pass electrical current through the polymeric scaffolds to stimulate neurite extension. The cellular response of PC12 cells was determined by cellular attachment, proliferation, and neurite extension on OPF-PPy materials and compared to OPF. No clear trend was observed at day 1, but by days 3 and 7, there were clearly less cells attached to OPF than OPF-PPy materials (Figure 7 ). This can partly be explained by the poor cell attachment of PC12 cells on OPF which resulted in the removal of cells during media changes throughout the experiment. The morphology of PC12 cells cultured on OPF is shown in Figure 8 and supports this claim. Distinct differences in PC12 cell morphology cultured on different materials can also be seen. PC12 cells cultured on OPF hydrogels show no neurite extension from the cell body, indicating poor cell attachment in response to being cultured on OPF. This can in part be attributed to the high water content of OPF and a hydrated layer on the hydrogel surface that inhibits protein adsorption. Attachment of cells to polyethylene glycol based hydrogels is well documented throughout the literature as being problematic 56 . Incorporation of charged quaternary ammonium salts into OPF hydrogels has been shown to increase cell attachment by changing the surface charge density 46 . Similarily, polypyrrole contains cations along the polymer backbone and the change in surface charge is a likely mechanism for the increased cell attachment to OPF-PPy materials. Figure 8 shows morphological differences between cells cultured on the various materials. PC12 cells cultured on OPF-PPy NSA or OPF-PPy DBSA hydrogels showed excellent cellular morphologies with increased neurite extension, but neurites were almost non existent on OPF-PPy DOSS and OPF. Quantification of neurite extension show trends that OPF-PPy materials promote higher numbers of neurite bearing cells, more neurites per cell, and longer neuritis. PC12 cells cultured on OPF-PPy NSA a 2 fold increase over OPF in the percent of neurite bearing cells. Also, PC12 cells exhibited a 10 fold increase in the percentage of neurites that were 50 μm or longer on when cultured on OPF-PPy NSA or OPF-PPy DBSA . PC12 cells cultured on OPF-PPy DOSS had significantly a higher percentage of neurite bearing cells, however the distribution of lengths of their neurites were very short with most being less than 20 μm. The combination of Figures 7, 8 , and 9 indicate that OPF-PPy NSA and OPF-PPy DBSA materials promote PC12 cell attachment and differentiation, however it appears that OPF-PPy NSA is slightly better because it has a significantly higher number of neurite bearing cells compared to OPF-PPy DBSA . These results agree with a previous study where polycaprolactone fumarate-polypyrrole composite materials using NSA and DBSA anions were shown to promote the most favorable cellular response over other anions 30 .
Conclusions
Electrically conductive hydrogels were synthesized by polymerizing pyrrole in preformed scaffolds of OPF. OPF-PPy scaffolds were shown to have a composition of 20-25% polypyrrole and have a sheet resistance of 6000-33000 Ω/sq. Incorporation of PPy into OPF decreases the hydrogels swelling ratio up to 20%. The compressive modulus of OPF-PPy scaffolds ranged from 265 to 323 kPa, an increase of 40-70% from OPF. In vitro studies show PC12 cells have higher proliferation rate after seven days when cultured on all OPFPPy materials compared to OPF. In addition, PC12 cells attached and extended longer neurites when cultured on OPF-PPy NSA or OPF-PPy DBSA . This indicates enhanced neuronal differentiation of PC12 cells on these materials. These findings show that OPF-PPy NSA and OPF-PPy DBSA can be appropriate candidates for our future in vitro studies involving electrical stimulation. Chemical structure of oligo(polyethylene glycol) fumarate, polypyrrole, and anions dodecylbenzenesulfonic acid sodium salt (DBSA), naphthalene-2-sulfonic acid sodium salt (NSA), and dioctyl sulfosuccinate sodium salt (DOSS) used in the synthesis of OPF-PPy hydrogels. ATR-FTIR of OPF and OPF-PPy materials. Overlapping spectra show the distinct addition of skeletal C-C stretches from polypyrrole at 1550 cm −1 and a broad band from 720-900 associated with C-H stretches from pyrrole and S-O stretches from NSA. XPS regional scans for C, O, N, and S of OPF-PPy NSA . Regional scan of N show the peak at 402 eV that corresponds to N + species that is the conductive species of polypyrrole. Compressive modulus of OPF and OPF-PPy composite materials synthesized with NSA, DBSA or DOSS anions. Results are reported as means ± standard deviations, sample size (n=3). *(p<0.05) statistically significant differences of OPF-PPy materials compared to OPF. No statistically significant differences were observed between different OPF-PPy materials. MTS assay evaluating toxicity of potentially leachable materials from OPF-PPy hydrogels. Percent viability was normalized to the tissue culture plate control and values are represented as means ± standard deviations. MTS assay of PC12 indicating cell attachment and proliferation over 7 days. Data are presented as means ± standard deviations. *(p < 0.05) significantly higher compared to OPF at the same time point. # (p< 0.05) significantly higher compared to the tissue culture plate (TCP) at the same time point. Neurite extension from PC12 cells after 24h quantified as a) percent of neurite bearing cells from the total number of cells. b) average neurite number of neurite bearing cells is shown. c) The distribution of neurite lengths for the OPF and OPF-PPy materials. *(p<0.05) Significant difference compared to OPF. # (p<0.05) Significant difference comparing OPFPPy NSA and OPF-PPy DBSA materials. c Swelling ratio of hydrogels determined with distilled water (mean ± standard deviation).
d Sheet resistance of OPF-PPy scaffolds when swollen with water.
